Background: Elevated resting heart rate (RHR) has been reported to be associated with metabolic syndrome and type 2 diabetes. The aim of this study was to explore whether a positive relationship exists between RHR and impaired glucose regulation (IGR) among middle-aged and older Chinese individuals. Methods: We conducted a cross-sectional analysis that included a total of 9898 subjects (3194 men and 6704 women) in a Chinese population. The RHRs were derived from ECG recordings, and the subjects were stratified based on RHR quartiles. Results: RHR levels were significantly higher in the subjects with isolated impaired fasting glucose (i-IFG), isolated impaired glucose tolerance (i-IGT), IFG + IGT and diabetes than in those with normal glucose regulation. When multivariate logistic regression analyses were performed, the odds ratios were substantially higher for the subjects with IGR (odds ratio 2.19, 95% confidence interval 1.85-2.58) in the fourth RHR quartile compared with those in the first quartile after adjustment for potential confounding covariates, and the corresponding OR for the combined IGR and type 2 diabetes group was 2.56 (95% CI 2.20-2.98, p < 0.001). Multiple regression analyses demonstrated that RHR was significantly associated with fasting plasma glucose, 2-h OGTT plasma glucose and A1c. Conclusions: Our cross-sectional findings provide evidence that high RHR is associated with existing IGR among middle-aged and older Chinese individuals.
Background
Elevated resting heart rate has been demonstrated to be associated with type 2 diabetes [1] , metabolic syndrome [2, 3] , cardiovascular disease, and all-cause mortality [4, 5] . As a global index of the influence of the autonomic nervous system on the heart, an elevated RHR can be considered as a reflex in response to autonomic imbalance, which refers to excessive sympathetic activity and too little parasympathetic activity [6] . Insulin resistance plays pivotal roles in the early development of hyperlipidemia, hyperglycemia, central adiposity, and atherosclerosis [7] . Furthermore, it is well documented that hyperinsulinism itself can trigger sympathetic nervous system activity [8, 9] .
Although studies have clearly demonstrated the value of RHR in predicting the risk of mortality as well as the incidence of metabolic diseases, the influence of RHR on glucose metabolism has not been fully elucidated. Previous studies have confirmed that RHR is significantly associated with type 2 diabetes independently of conventional confounders [1, 10] . Most recently, Lawson et al. investigated the correlation of autonomic imbalance as measured by RHR with heart rate variability and metabolic risk outcomes and found that RHR and HRV, along with sex, age, and smoking were significant predictors of hyperglycemia and a diagnosis of diabetes within 12 years of follow-up [11] .
However, to date, a very limited number of studies have reported conflicting data on the relationship between heart rate and glucose metabolism regulation [12] [13] [14] [15] [16] . In the present study, we sought to evaluate the association between the resting heart rate and states of glucose metabolism in a cross-sectional study of Chinese individuals aged 40-70 years.
Methods

Study population
The present study is a part of the risk evaluation of cancers in Chinese diabetic individuals, i.e., the longitudinal (REACTION) study that was a population-based crosssectional study among middle-aged and elderly Chinese individuals aged 40-70 years in 25 communities across mainland China, conducted from 2011 to 2012. The details of the study design have been described previously [17, 18] . Briefly, all studied individuals came from the Chongming District in Shanghai, China. A total of 9930 eligible subjects were recruited. After excluding those who did not have resting heart rate measurements (n = 32), 9898 subjects (3194 men and 6704 women) were found to be eligible for the present analysis. The study protocol was approved by the Ethics Committee of Xinhua Hospital Affiliated to Shanghai Jiaotong University School of Medicine. Written informed consent was obtained from all of the participants.
Data collection
The baseline data were collected by trained health workers via a standardized questionnaire during interviews. The measurements of weight, height, waist circumference, and blood pressure have been described previously. Smoking (current, former, or never) and alcohol drinking (current, former, or never) were assessed using an interview preceding the physical examination. The physical activity levels were classified as low, moderate, or high according to the International Physical Activity Questionnaire scoring protocol. BMI was calculated as weight in kilograms divided by the square of height in meters. RHR was measured and calculated from ECG recordings after subjects had ≥ 30 min rest and had been in the supine position ≥ 5 min.
All subjects were assessed after overnight fasting for at least 10 h. Overnight fasting and 2-h OGTT blood samples were collected. The fasting glucose, glucose 2 h after oral glucose tolerance test, triglycerides, total cholesterol (TC), high-density lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol were measured with an automatic analyzer (Hitachi 7080; Tokyo, Japan). The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated according to the equation described by Matthews et al. [19] . [20] .
Impaired glucose regulation and type 2 diabetes
Impaired glucose regulation was defined as IFG (i.e., a fasting plasma glucose level ≥ 6.1 and < 7.0 mmol/l) and/or IGT (2-h OGTT plasma glucose level ≥ 7.8 and < 11.1 mmol/l). Isolated IFG was defined as a fasting plasma glucose ≥ 6.1 mmol/l and < 7.0 mmol/l and a 2-h OGTT plasma glucose < 7.8 mmol/l. Isolated IGT was defined as a 2-h OGTT plasma glucose ≥ 7.8 mmol/l and < 11.1 mmol/l and a fasting glucose < 6.1 mmol/l. IFG/IGT was defined by a fasting plasma glucose between 6.1 mmol/l and 6.9 mmol/l and a 2-h OGTT plasma glucose of 7.8 mmol/l to 11.0 mmol/l. Type 2 diabetes was diagnosed according to the 1999 World Health Organization criteria (fasting plasma glucose level ≥ 7.0 mmol/l and/or a 2-h OGTT plasma glucose level ≥ 11.1 mmol/l or the current use of antidiabetic medication). A fasting glucose level lower than 6.1 mmol/l and a 2-h OGTT plasma glucose level below 7.8 mmol/l were defined as normal glucose regulation (NGR).
Statistical analysis
The statistical analyses were performed with the SPSS Statistical Package (version 13.0; SPSS Inc., Chicago, IL). The participants' characteristics are presented according to the RHR quartiles, which were defined as follows: < 71, 71-78, 79-86 and > 86 bpm. Analyses of covariance (general linear regression model) were applied for continuous variables, and multivariate logistic regression analyses were applied for the categorical variables for the comparisons according to the RHR quartiles. A multivariable stepwise regression analysis was used to investigate the association of RHR with cardiovascular and metabolic related parameters. A multivariate logistic regression model was used to evaluate the ORs and 95% CIs of having IGR or IGR + T2DM for each quartile of RHR compared with the lowest quartile with adjustments for potential confounding covariates. Finally, a multiple linear regression analysis was performed to determine the associations of fasting glucose, 2-h OGTT plasma glucose and A1c with the other related variables. When appropriate, natural log-transformed values were used for the analyses. P values < 0.05 were considered statistically significant.
Results
The general clinical characteristics of the study population are presented in Table 1 . Across the resting heart rate quartiles, the subjects with the higher resting heart rates were more likely to be of lower age, have smaller waist circumferences, have high lipid profiles and have chronic systemic inflammation. These subjects also The values are presented as the means ± the SDs, the medians (interquartile ranges) or the numbers (proportions) RHR resting heart rate, bpm beats/min, WC, waist circumference, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, FPG fasting plasma glucose, 2hPPG 2-h post-load plasma glucose, HbA1c hemoglobin A1c, TC total cholesterol, TG triglycerides, LDL low-density lipoprotein-cholesterol, HDL high-density lipoprotein-cholesterol, eGFR estimated glomerular filtration rate, CRP C reactive protein, IGR impaired glucose regulation Table 2 Adjusted regression coefficients for resting heart rate according to cardiovascular-and metabolism-related parameters tended to have an adverse glucose metabolism profile. Additionally, these subjects were less likely to be male, smokers and alcohol drinkers than those in the lower resting heart rate quartiles. Table 2 presents the results of regression analyses of resting heart rate with other cardiovascular and metabolic related parameters. In both the simple and multiple adjusted linear regression analyses, resting heart rate was positively associated with fasting plasma glucose, 2-h OGTT plasma glucose, A1c, HOMA-IR, systolic blood pressure, diastolic blood pressure, and triacylglycerol and negatively associated with BMI and waist circumference.
Resting heart rate levels were significantly higher in the subjects with isolated IFG, isolated IGT, combined IFG and IGT, and type 2 diabetes compared with the subjects with normal glucose regulation (79.3, 80.2, 82.2, and 83.1 bpm, respectively, vs. 77.5 bpm, all p < 0.01) after adjusting for age and sex. The risk of having impaired glucose regulation increased progressively across the lowest to the highest quartiles of resting heart rate with ORs of 1.44 (95% CI 1.24-1.68), 1.93 (95% CI 1.66-2.25), and 2.19 (95% CI 1.85-2.58), respectively (P trend < 0.001) after adjusting for sex, age, smoking, alcohol drinking, physical activity, BMI, waist circumference, SBP, DBP, and lipid profiles. For eGFR and CRP, the OR of have both impaired glucose regulation and type 2 diabetes was 2.56 (95% CI 2.20-2.98) after controlling for all the covariates in model 4 (Table 3) .
To further understand the influence of resting heart rate on the prevalence of impaired glucose regulation and type 2 diabetes, multiple regression analyses were performed. The analyses revealed that resting heart rate remained significantly associated with fasting plasma glucose, 2-h post-load plasma glucose and A1c (Table 4) after adjusting for all potentially confounding covariates.
Discussion
The novel finding of the present study is the independent association of a higher resting heart rate with impaired glucose regulation. Additionally, an elevated resting heart rate was also significantly associated with increased insulin resistance. An elevated resting heart rate level has been found to be an independent predictor of cardiovascular and allcause mortality [4, 21, 22] . Additionally, recent studies have indicated that a relatively high HR has direct detrimental effects on the progression of coronary atherosclerosis [23] [24] [25] [26] . Clinical trial data have confirmed that HR reduction itself has a good effect on subjects with cardiovascular disease [4] . Furthermore, most recent studies have provided evidence that RHR is an independent risk factor of type 2 diabetes and metabolic syndrome [1, 3] . Whereas the above studies support the role of RHR in predicting the risks of mortality and the prevalence of metabolic diseases, in this study, we demonstrated that higher resting heart rate was a good indicator of an increased risk of impaired glucose regulation in middle-aged and elderly Chinese individuals, independent of potential confounders.
In line with previous studies [27] [28] [29] , we also found that there was a significant association between RHR and fasting plasma insulin levels. Furthermore, multivariable stepwise regression analysis revealed that a higher RHR was an independent risk factor for insulin resistance. The results are consistent those of previous studies [27, 30] that have stated that elevated RHR levels are markedly correlated with increased insulin resistance. Resting heart rate is largely determined by the activity of the autonomic nervous system and hemodynamic states and has been recognized as an integrated index of the heart that is influenced by the autonomic nervous system. In a sense, the RHR is related to sympathetic activity or autonomic imbalance. Previous studies have suggested that there are links between sympathetic nervous activity, hyperinsulinemia and insulin resistance [31] [32] [33] . Impaired glucose regulation, also referred to as prediabetes, is associated with a relatively high risk for the future development of diabetes [34] . IGR is a highly heterogeneous metabolic state, both with respect to its pathogenesis and the prediction of disease [35] . IGR should not be viewed as a clinical entity in its own right but rather as a risk factor for diabetes and cardiovascular disease. Furthermore, it has been well documented that IGR is associated with hypertension, dyslipidemia with high triglycerides and/or low HDL cholesterol, and visceral obesity. Additionally, substantial epidemiological evidence indicates that the onsets of cardiovascular disease and type 2 diabetes can be delayed or prevented via lifestyle modifications. Therefore, it is critical to clarify the mechanisms underlying impaired glucose regulation and to seek effective management measures for all modifiable risk factors. In the present study, after controlling for potential cofounders, RHR emerged as an independent risk factor for IGR. Additionally, we also demonstrated that resting heart rate was significantly associated glucose metabolism indices (including fasting plasma glucose, 2-h post-load plasma glucose and A1c) in a multivariate analysis. Moreover, emerging data have established that HR reduction therapy has a beneficial influence on patients with cardiovascular disease. In view of these facts, it is plausible to consider whether RHR alone should become a novel target of clinical intervention for abnormal glucose metabolism just as it is for cardiovascular disease.
This cross-sectional study evaluated the relationship between RHR and impaired glucose regulation in a large sample of the Chinese population. Most potential confounders were carefully controlled, which limited the possibility of residual confounding effects. Furthermore, in our study, RHR data were collected via echocardiography, which enabled a precise RHR measurement. Our study does have several limitations. Given the crosssectional nature of the study design, a cause-effect relationship between RHR and impaired glucose regulation could not be inferred. Further prospective study is needed to dissect the potential pathophysiological mechanism of this correlation. Additionally, the data were obtained from middle-aged and older people, and the gender proportions were unbalanced, which may limit the extrapolation of the results to a more general population. Moreover, this study used a single heart rate measurement, which was derived from ECG and might not represent the true resting heart rate. It would be more appropriate to have multiple resting heart rate measurements and to use the heart rate trend or at least an average heart rate measurement for the analysis.
Conclusions
In summary, our findings suggested that elevated resting heart rate is strongly and independently associated with an increased risk of having impaired glucose regulation. As a familiar and accessible clinical variable, resting heart rate is a simple measurement that can be used to monitor abnormal glucose regulation in the population. Our results may have important public health implications. However, longitudinal studies are warranted to determine the clinical significance of these findings. 
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